The leukocyte adhesion deficiency syndrome type II (LAD-II) is caused by a general defect in fucose metabolism, which leads to the absence of fucosylated sugar determinants such as the selectin ligand SLe x . In view of the important role of selectins in lymphocyte migration and homing, we have explored the in vivo immune responsiveness and lymphocyte recruitment to the skin, in response to the neo-antigen keyhole limpet hemocyanin (KLH) in a LAD-II patient. We observed a normal priming of KLH-specific T cells as well as a strong in vivo anti-KLH antibody response, both indicative of a normal T-B cell function and collaboration. Skin biopsies from the patient's skin taken prior to antigenic challenge showed the presence of normal numbers and subsets of T cells. Upon KLH injection, a large number of T cells were found to be recruited to the site of challenge, which was paralleled by up-regulation of the endothelial adhesion molecules ICAM-1 (CD54), VCAM-1 (CD106) and E-selectin (CD62E). The recruited T cell showed a normal subset distribution but lacked cutaneous lymphocyte antigen (CLA), the cutaneous homing receptor. However, the clinical symptoms of delayed-type hypersensitivity in the patient (redness and swelling) were severely depressed compared to that in the controls. In conclusion, the LAD-II patient showed a normal T cell priming and T cell-dependent antibody response, a normal baseline skin homing, and a significant T cell recruitment to the site of KLH challenge, indicating that fucosylated sugar determinants such as SLe x and CLA are not strictly required for adequate immune responsiveness and (skin) homing.
Introduction
Accumulation of leukocytes and lymphocytes at inflammatory matically illustrate the in vivo importance of the sequential steps in the leukocyte-endothelial adhesion cascade for sites and lymphocyte recirculation through lymphoid and nonlymphoid organs requires a series of well-regulated adhesive leukocyte functioning. Both LAD-I, caused by a defective expression of β 2 integrins (7), and LAD-II, caused by a defect steps between leukocytes and endothelial cells (1) . The initial step, which consists of leukocytes rolling along the endothelial in fucose metabolism resulting in the absence of selectin ligands such as SLe x , are clinically characterized by recurrent cell lining (2-4), depends on the interaction between adhesion molecules of the selectin family with sialylated and fucosylated bacterial infections, pronounced leukocytosis and a failure to form pus. Apart from these symptoms, which directly reflect oligosaccharides ligands including the sialylated Lewis-X antigen (sLe x ). Selectins are expressed on activated endotheldefective leukocyte migration, additional clinical features of LAD-II comprise short stature, mental retardation and the rare ial cells (CD62P and CD62E) or resting leukocytes (CD62L) (1) . Activation of rolling leukocytes results in a high-avidity Bombay blood group phenotype (8) . In a comparative study of neutrophils in LAD-I and -II patients (9) , the SLe x -negative binding state of integrins and-as a consequence-in shearresistant leukocyte adhesion to the endothelium and migration cells from the latter were unable to roll, and could only stick and migrate under conditions of reduced shear stress, while into the subendothelial environment (1) (2) (3) (4) (5) (6) .
The leukocyte adhesion deficiency (LAD) syndromes draneutrophils from LAD-I patients were unable to engage the integrin-dependent adhesion strengthening required for emig-KLH immunization and skin testing ration (9) .
Sensitization with KLH was performed by s.c. injection of Sialofucosylated structures do not only play a critical role 0.5 mg in the deltoid or quadriceps region. Blood samples in neutrophil egress at sites of inflammation but are also for aspecific antibodies and T cell proliferation were taken at believed to play an essential role in lymphocyte homing. In day 0, 7, 14 and 28. At day 28 skin tests were performed by peripheral lymph nodes, high endothelial venules express the intradermal deposition of 1, 10 and 100 µg KLH at a distance mucin-like proteins CD34 and GlyCAM-1 which function as of 5-10 cm in between each injection site. Clinical evaluation addressins for lymphocyte homing by interacting with Land skin biopsies from normal and KLH-induced skin took selectin on the lymphocyte (15-17). The addressin MAdCAMplace 48 h after intradermal KLH injection. Biopsies were 1 (18,19) has a similar role in lymphocyte homing to mucosal rapidly frozen in liquid nitrogen prior to immunohistochemistry. lymphoid sites. Furthermore, skin homing lymphocytes Regular dermatological checks of biopsy sites were perexpress a SLe x (-related) membrane structure, the cutaneous formed afterwards for impaired wound healing or infection. lymphocyte antigen (CLA), which has been reported to funcInformed consent was obtained from the parents and the tion as a skin homing receptor by binding to the endothelial studies were approved by the Rambam Medical Center ethical selectin CD62E (10) (11) (12) (13) (14) .
committee. In view of the large body of evidence that interactions between selectins and sialofucosylated ligands are not only Specific antibody measurement important for neutrophil egress from the blood but also for KLH-specific antibody generation was measured by an ELISA lymphocyte migration and homing migration, we hypothesized essentially as described elsewhere (29). The antibody that specific immunity and lymphocyte homing might be response is expressed in DTG units/ml; 1 unit was defined affected in LAD-II. In the present study we have assessed as the amount of KLH-specific IgG present in 1 ml of a 1ϫ10 6 this hypothesis by exploring the humoral and cellular immune dilution of the appropriate reference serum, as kindly provided responses to the T cell-dependent neo-antigen keyhole limpet by Dr A. Fauci (NIH, Bethesda, MD). haemocyanin (KLH) (23) in one of the two LAD-II patients previously described in the literature (7, 9) .
Cell proliferation ine (2 Ci/mmol; Amersham, Buckinghamshire, UK) during the specific for CD62P/P-selectin; 4B9 (26) , specific for VCAM-1; last 18 h before counting incorporated radioactivity. (CD106) (a kind gift of J. M. Harlan, University of Washington, Seattle, WA); 84H10 (27), specific for ICAM-1 (CD54) (a kind gift of S. Shaw, NIH, Bethesda, USA); Leu-M3, specific for Results CD14 (Becton Dickinson); CSLEX-1, specific for sialyl-Le x (Becton Dickinson), TS1/22, specific for the α subunit of LFAGeneration of a KLH-specific immune response in LAD-II 1 (CD11a) (ATCC, Rockville, MD), HP2/1, specific for the α Selectins and their ligands play an important role in the subunit of VLA4 (CD49d) (Immunotech, Marseille, France); process of lymphocyte homing. Given the important role of Leu-6, specific for CD1a (Becton Dickinson); F8/86, specific this process in the physiology of the immune response, homing for Factor VIII (Dako, Glostrup, Denmark) was used to stain defects might lead to impaired immune responsiveness. To endothelial cells.
assess the efficacy of the T cell-dependent antibody response in LAD-II, anti-KLH antibody was quantified in the serum at Immunohistochemistry 0, 14 and 28 days after immunization ( Table 1) . The results show a normal antibody response of the LAD-II patient to Immunohistochemical staining was performed as described KLH in vivo. Also, a normal in vitro T cell proliferative response previously (28) . In brief, cryostat sections were fixed in to KLH was observed (Table 2) . Hence, no evidence for a acetone for 10 min, washed in PBS and incubated with the defective in vivo T cell priming or defective T-B cell collaboraprimary antibody for 1 h. Before incubating with the secondary tion was found. antibody for 30 min [anti-mouse and anti-rat F(ab) 2 (Dako)] endogenous peroxidases were blocked with 0.3% H 2 O 2 in T cell homing and recruitment in vivo PBS plus 0.1% sodium azide. All antibodies were titrated to give optimal staining results. For detection a streptavidinInteraction between selectins and their ligands is believed to be of particular importance in lymphocyte homing to the biotin-peroxidase complex (Dako) was used. After incubation for 30 min the sections were incubated in 3,3-amino-9-ethyl skin, which involves binding of CLA, a fucosylated SLe x -like structure, to E-selectin on the skin endothelium. To assess carbazole (Sigma) for 6 min. in fucose-deficient humans may be found in the redundancy of adhesive mechanisms as indicated by knock-out mouse models lacking either CD62E or CD62P or both (33, 34) . Whether sulfation of the HEV ligands for CD62L is sufficient the integrity of skin homing in LAD-II (i.e. in the absence of fucosylated sugars), we examined skin biopsies before and to obviate the loss of fucosylation is still unknown but may be an alternative explanation for our findings (35) (36) (37) (38) . Experiafter challenge with KLH. Prior to challenge, the skin of the LAD-II patient and the normal control contained comparable ments in Fuc-TVII (-/-) mice will reveal as to where and to which extent the primary responses to neo-antigens such as numbers of T cells (CD3 ϩ ), Langerhans cells (CD1 ϩ ) and tissue macrophages (CD14 ϩ ). As expected, in the LAD-II KLH initially take place in the peripheral lymph node draining the site of immunization with its rudimentary follicles or elsepatient these cells were devoid of CLA. Hence, expression of the cutaneous homing receptor CLA is not required for where. The primary antibody response as well as in vivo T cell priming is expected to be normal in Fuc-TVII (-/-) as baseline homing to the skin (Fig. 1 ). After challenge with KLH, a strongly positive skin test (4ϩ) with reddening and induration indicated by our findings in LAD-II. Previous investigations of delayed-type hypersensitivity was present in the normal control subject. In contrast, the patient showed only a minimal reddening and no induration (DTH) reactions in humans (and animals) have demonstrated that lymphocyte recruitment from blood to the skin is spatially (1ϩ). However, skin biopsy specimens of the patient's skin showed a significant recruitment of T lymphocytes at the site and temporally correlated with the induced expression of VCAM-1 and CD62E (39, 40) . Butcher and colleagues proof challenge KLH (Fig. 1) . These T cells where phenotypically identical to those recruited in the non-LAD-II control subject posed that the CLA epitope enables memory T cells to home selectively to the skin via interaction with E-selectin (CD62E) as judged by the expression CD4/CD8, CD45RO, CD25 and CD69 (data not shown). On the endothelium of the patient's expressed on vascular endothelium, as was also recently suggested in a human skin xenograft model in SCID mice skin, there was a normal up-regulation of ICAM-1 (Table 3) and CD62E (Fig. 2 and Table 3 ), whereas CD62P (P-selectin) (41) . CLA represents a sugar determinant on a subset of lymphocytes similar or identical to the sialylated determinants was not expressed the time point of biopsy (not shown). Also VCAM-1 expression was strongly enhanced. However, in SLe x and SLe a (10) (11) (12) (13) (14) . Interestingly, we found a normal number, yet CLA/SLe x -negative, of T cell in the skin of the contrast to control skin samples, VCAM-1 was already expressed in uninduced skin in LAD-II (Fig. 2 and Table 3) .
LAD-II patient prior to antigenic challenge. After challenge with KLH, a large number of T cells was recruited to the skin (Fig. 1) . Although this finding does not exclude a functional Discussion role for CLA/SLe x -dependent skin homing under normal conditions, it indicates that CLA/SLe x expression is not an absolute Lymphocyte migration and homing plays a key role in the generation of a normal immune response (1) . Defects in the requirement for lymphocyte homing. These findings on T cell recruitment contrast with findings of a strongly diminished recruitment of neutrophils into experimentally induced inflamed skin of the same LAD-II patient (42, 43) . The redund- Table 3 . Regulation of ICAM-1 (CD54), E-selectin (CD62E) ancy with respect to adhesion (and homing) molecules of T and VCAM-1 (CD106) expression in normal and LAD-II skin cells seems to be more dominant than for neutrophils, the upon KLH-induction absence of VLA-4 on neutrophils being a most obvious and notable example. One implication of these findings is that VLA-4) and β 2 integrins may contribute to in vivo DTH reactions. The increased levels of endothelial VCAM-1 expression
The following semi-quantitative staining score was used: -, no in the LAD-II skin, both before and after KLH challenge, staining; Ϯ, weak staining; ϩ, weak staining; ϩϩ, moderate staining; ϩϩϩ, strong staining.
suggest that VLA-4-dependent binding interactions might facilitate the extravasation of T cells under conditions where CLA/CD62E binding reactions cannot initiate or promote skin homing. This in vivo correlation would be in line with recent either with cytoplasmic staining upon activation of peripheral blood lymphocytes with phorbol myristate acetate and ionoin vitro observations on VCAM-1 contributing to initial lymphocyte interactions with the endothelium. These interactions mycin, or in the supernatant upon T cell activation with various stimuli (data not shown). We cannot exclude the possibility result in integrin-mediated 'tumbling' (46) or 'rolling' of leukocytes (47-49), reminiscent of the previously described phethat the local cytokine milieu has affected the adhesion molecule profile of endothelial cells in the skin of our patient. nomenon of selectin-dependent rolling. The increased VCAM-1 expression may explain how T cell influx into the skin can
In the LAD-II patient we observed a marked discrepancy between the clinical response to KLH challenge (strongly occur in the absence of a normal fucose metabolism. However, a reason for an increased VCAM-1 expression in the absence depressed) and the concomitant T cell recruitment (normal) present in the biopsy specimen (Fig. 1) . A similarly depressed of a concomitant CD62E and/or ICAM-1 up-regulation has been observed under conditions of IL-4 stimulation of cultured DTH response had previously been noted in the patient after BCG vaccination; skin biopsies were not performed at that endothelial cells (50). This cytokine is produced by a subset of CD4 ϩ T helper cells, the so-called T h 2 cells, which are time. BCG vaccination can result in serious complications in many (undetected) immune deficiencies (51) . However, the involved in B cell help and Ig synthesis. Although a more pronounced T h 2 response is compatible with the impressive patient had been immunized in the past without any clinical symptoms of importance. Although we have no unequivocal anti-KLH response observed in LAD-II, the in vivo response to the neo-antigen bacteriophage φX174 in the same patient explanation for the discrepancy between the clinical DTH response and the T cell recruitment, it should be noted that was within normal limits after the first immunization (41 
